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Cortisol responses enhance 
negative valence perception for 
ambiguous facial expressions
Catherine C. Brown  1, Candace M. Raio2 & Maital Neta1
Stress exposure elicits a prolonged neuroendocrine response, marked by cortisol release, which can 
influence important forms of affective decision-making. Identifying how stress reactivity shapes 
subjective biases in decisions about emotional ambiguity (i.e., valence bias) provides insight into the 
role stress plays in basic affective processing for healthy and clinical populations alike. Here, we sought 
to examine how stress reactivity affects valence decisions about emotional ambiguity. Given that 
stress prioritizes automatic emotional processing which, in the context of valence bias, is associated 
with increased negativity, we tested how individual differences in acute stress responses influence 
valence bias and how this decision process evolves over time. Participants provided baseline ratings 
of clear (happy, angry) and ambiguous (surprised) facial expressions, then re-rated similar stimuli 
after undergoing an acute stress or control manipulation a week later; salivary cortisol was measured 
throughout to assay stress reactivity. Elevations in cortisol were associated with more negative 
ratings of surprised faces, and with more direct response trajectories toward negative ratings (i.e., 
less response competition). These effects were selectively driven by the stress group, evidencing that 
increased stress reactivity is associated with a stronger negativity bias during ambiguous affective 
decision-making.
Daily life is marked by exposure to stressors known to elicit neurophysiological responses that exert powerful 
effects on brain function and behavior. Recent estimates suggest that over 75% of Americans report experiencing 
recent stress that has had deleterious effects on interpersonal, professional, health-related, and financial deci-
sions1. Stressors rapidly induce sympathetic nervous system arousal resulting in noradrenergic activation, fol-
lowed by the recruitment of the Hypothalamic-Pituitary-Adrenal axis (HPA-axis), which triggers the systemic 
release of glucocorticoids (i.e., cortisol)2. Research points to the inherent uncertainty surrounding a stressor as 
a seminal driver of these neurophysiological responses3,4. The tightly coupled relationship between stress and 
uncertainty raises the important question of how stress exposure affects the way individuals behave when encoun-
tering ambiguity in their environment. While a large body of research has examined this question in the context 
of economic decision-making, far less work has examined the effects of stress on decisions about ambiguous 
affective stimuli encountered in daily life.
Biologically relevant cues, such as facial expressions, offer an ecologically valid and highly pertinent model for 
examining such affective decision-making. Facial expressions not only convey the affective state of a social agent, 
but also provide important predictive information about one’s environment such as the presence of potential 
rewards or threats, which can inform motivational significance and drive subsequent affective and behavioral 
responses. While some facial expressions provide clear, unequivocal information about the valence of anoth-
er’s affective state (e.g., happiness, anger), others—such as surprised expressions—are ambiguous since they can 
signal the presence of positive or negative events. The ambiguous nature of surprised facial expressions affords 
researchers the opportunity to identify subjective biases that individuals may have when determining the valence 
of these faces.
Since valence bias for ambiguous facial expressions varies widely across individuals, it therefore provides a 
quantifiable index of one’s propensity to interpret the valence of environmental ambiguity5–8. Despite individual 
differences in valence bias, research now points to negativity as being the initial, automatic response to surprised 
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expressions8–10. This predisposed tendency for negativity is marked by higher amygdala activity and faster reac-
tion times5,10, whereas positive ratings emerge after longer reaction times and the recruitment of prefrontal net-
works5,8–11. These findings support a provisional model for the appraisal of surprised faces as being predisposed to 
be negative, with additional processing or regulatory influence required to shift the predictive value of such cues 
from negative and to positive.
A growing body of work points to stress reactivity as an important factor that can modulate the appraisals of 
ambiguous facial expressions. Negative appraisals of ambiguous faces are associated with increased trait anxiety12, 
depression13, and higher amygdala responses5,10. Additionally, acute stress exposure has been linked to negative 
affect4, diminished cognitive control and flexibility14–16, and reduced regulation of negative emotion17 and threat 
responses18. Elevated stress hormones such as catecholamines (e.g. dopamine, noradrenaline) and glucocorticoids 
(i.e., cortisol) reduce prefrontal control and enhance amygdala activity that supports the detection of biologically 
salient cues19–21. Finally, acute stress has been proposed to shift the allocation of neural processing away from 
controlled, executive function networks and toward those that facilitate the detection of threats21. This work col-
lectively points to the hypothesis that higher stress reactivity might bias individuals to appraise ambiguous stimuli 
more negatively and further diminish regulatory capacity that may otherwise attenuate this negative bias during 
affective decision-making. Furthermore, as individuals recover from acute stress and regulatory capacity returns, 
negative appraisals of ambiguity may diminish to pre-stressor levels. To this end, we directly tested the effect of 
stress on valence bias of ambiguous facial expression by causally manipulating acute stress levels in healthy indi-
viduals. Our primary goal was to assess whether stress reactivity affects the perceived valence of ambiguous social 
cues and track the dynamics of the choice process prior to the final valence decision.
Methods
Participants. An a priori power analysis using prior research22 indicated a requisite sample size of 21 partic-
ipants per group to replicate a large effect size (d = −0.89) with 80% power and α = 0.05, when comparing group 
cortisol levels 10 minutes post-stressor or post-control. Fifty-two participants were recruited from the University 
of Nebraska-Lincoln. Eligible participants were right-handed and reported having no history of psychiatric or 
neurological disorders. Three participants were excluded for either failing to return for the second session, pro-
viding insufficient quantities of saliva, or poor behavioral performance (i.e., rating happy expressions as negative 
and angry expressions as positive). Four additional participants were removed for having cortisol change greater 
than two standard deviations above or below the group mean. The final sample included 22 participants randomly 
assigned to the stress group (11 female, mean age = 20.36, SD = 2.15) and 23 participants randomly assigned 
to the control group (11 female, mean age = 20.04, SD = 3.57). Due to a programming error, two participants’ 
responses to the individual difference questionnaire were not recorded. All participants received course credit or 
monetary compensation after completing each session. Written informed consent was obtained from participants 
before each session, and the University of Nebraska Committee for the Protection of Human Subjects approved 
all procedures. All methods were performed in accordance with the relevant guidelines and regulations of the 
Committee.
Face Stimuli. Stimuli were drawn from a previously compiled set of 48 images of faces, 24 with an ambiguous 
valence (surprise), and 24 with a clear valence (12 angry and 12 happy)7. Thirty-four discrete identities (17 male) 
were included, though not all identities were represented in each expression. Fourteen identities (7 male) came 
from the NimStim standardized facial expression stimulus set23. Development of this stimulus set was overseen 
by Nim Tottenham and supported by the John D. and Catherine T. MacArthur Foundation Research Network 
on Early Experience and Brain Development. Twenty additional identities (10 male) came from the averaged 
Karolinska Directed Emotional Faces database24.
Procedure. Participants completed two sessions a week apart, with the face-rating task occurring at three 
distinct time points (see Fig. 1 for experimental timeline). On Day 1, participants gave informed consent before 
completing the face-rating task in order to provide a baseline valence-rating measure. One week later, participants 
returned and were again consented before being randomly assigned to either the stress or control group (see Stress 
manipulation and measurement below for full procedure). Participants repeated the face-rating task ten minutes 
after the stress or control task, when cortisol levels in the stress group were expected to rise, and again one final 
time 50 minutes later when cortisol levels were expected to return to baseline. Saliva samples were collected 
throughout to assay fluctuations in cortisol concentrations.
Face-rating task. Each iteration of the task included 16 faces (8 surprised, 4 happy, and 4 angry), each presented 
four times in randomized order, for a total of 64 trials. A different set of 16 faces was presented for both sub-
sequent rating tasks. During each trial, a black fixation cross appeared in the center of a white background for 
500–8000 ms preceding a 500 ms face presentation, after which participants indicated whether they thought the 
expression was positive or negative by clicking a start button at the bottom of the display, then clicking one of the 
two response option buttons in the upper left- or upper right-hand corner of the display. The fixation timing was 
randomized in 500-ms intervals. Each iteration of the rating task lasted approximately 5 minutes.
Mouse-tracking assessment. MouseTracker software was used to present the stimuli and to record the mouse 
trajectories of each response25. MouseTracker software provides a more sensitive measure of negativity beyond 
explicit valence ratings by tracking the trajectory of mouse movements as participants determine the valence 
of ambiguous facial expressions. During a given trial, a participant’s mouse can either move directly from the 
start button to their response (i.e., in a straight line) or they may be pulled to some degree toward the opposite 
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response during the decision process (i.e., portraying curvature in their response trajectory). Thus, the mouse’s 
trajectory reflects the implicit competition between positivity and negativity ratings on each trial.
Stress manipulation and measurement. To control for diurnal rhythms in stress hormone levels, participants 
were run between 12:00 pm and 5:00 pm and at the same time of day for each session. At the start of each experi-
mental session, participants acclimated to the laboratory setting for 10 minutes before providing a baseline saliva 
sample to assay resting cortisol concentrations. On Day 2, based on the procedures used by Raio and colleagues 
(2013)22, participants then either underwent the cold-pressor task26, which required the continuous submersion 
of the right forearm in an ice-water bath (0–4 °C, stress group), or a matched control task using warm water 
(~37 °C, control group), for three consecutive minutes. Participants provided additional saliva samples 10 minutes 
after the stress or control task to allow sufficient time for cortisol responses to begin to rise. This timeline enabled 
us to measure the face-rating task while the stress response was beginning to peak, thus capturing stress-related 
change from both cortisol and the earlier noradrenergic responses, which are known to work synergistically with 
cortisol to affect brain function and behavior19–21. Indeed, this timeline is consistent with past studies investi-
gating the effects of acute stress exposure on different forms of affective and cognitive processes15,22,27,28. A final 
saliva sample was collected 50 minutes later in order to assess the recovery of stress responses. During this time, 
participants were provided neutral reading material, crosswords, and puzzles, and were instructed to stay awake. 
As a subjective measure of stress, participants reported how stressful they found the task on a scale of 1–9, with 
1 being the least stressful and 9 being the most stressful, immediately following the cold-pressor or control task.
Neuroendocrine assessment. Saliva was collected using SalivaBio Oral Swabs (Salimetrics LLC, Philadelphia, 
PA). At each collection time point, one swab was placed under the tongue for 2 minutes. Samples were kept 
on ice during each session and were then immediately frozen at −20 °C, where they remained stored until 
analysis. Samples were analyzed at the University of Nebraska-Lincoln Salivary Bioscience Laboratory using a 
commercially-available competitive enzyme immunoassay kit for salivary cortisol (Salimetrics LLC, Philadelphia, 
PA). Intra- and inter-assay coefficients of variation were less than 6%.
Individual Difference Questionnaires. To measure individual differences in emotion regulatory ability, partici-
pants also completed the Difficulties in Emotion Regulation Scale (DERS)29. This 36-item questionnaire assesses 
aspects of emotion dysregulation and provides a total score as well as six sub-scores: non-acceptance of emotional 
responses, difficulties engaging in goal directed behavior, impulse control difficulties, lack of emotional aware-
ness, limited access to emotion regulation strategies, and lack of emotional clarity.
Figure 1. Timeline of experimental procedure and cortisol assessments. The facial expression depicted here is 
part of the NimStim standardized facial expression stimulus set23 and is used with permission. Development of 
this stimulus set was overseen by Nim Tottenham and supported by the John D. and Catherine T. MacArthur 
Foundation Research Network on Early Experience and Brain Development. Please contact Nim Tottenham 
at tott0006@tc.umn.edu for more information concerning the stimulus set. All other graphics are within the 
public domain under CC0 license.
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Statistical Analysis. Analysis of variance (ANOVA) with repeated measures was used to analyze all face rat-
ings and neuroendocrine data. Post hoc comparisons were conducted using Student t-tests when appropriate. All 
tests were two-tailed and considered statistically significant when p < 0.05. Correlational analyses used Spearman 
correlations if tests of normality (Shapiro-Wilk) indicated that values were not normally distributed. All analyses 
were conducted using SPSS (version 20.0, 2011; IBM Corp., Armonk, NY) and RStudio (version 1.0.136; RStudio, 
Inc., Boston, MA). The datasets generated during and/or analyzed during the current study are available from the 
corresponding author on reasonable request.
Results
Stress Reactivity Measures. On Day 1, as expected given that we did not manipulate stress levels, baseline 
cortisol levels did not differ between groups (t(43) = −0.86, p = 0.38). On Day 2, to verify the efficacy of our stress 
induction technique, we conducted a Group (stress, control) × Time (baseline, 10 minutes post-stressor, 50 min-
utes post-stressor) repeated-measures ANOVA. Critically, this analysis revealed a significant Group × Time 
interaction, F(2, 86) = 3.61, p = 0.031, partial η2 = 0.08. Bonferroni-corrected post-hoc comparisons indicated 
that cortisol at 10 minutes post-stressor (CP+ 10) was significantly higher for the stress group (M = 0.31, 95% 
CI [0.24, 0.38]) than the control group (M = 0.20, [0.24, 0.27]), p = 0.033. Additionally, cortisol concentrations 
in the stress group at CP+ 10 were significantly greater relative to baseline (M = 0.26, [0.20, 0.33], p = 0.046) 
and to 50 minutes post-stressor (CP+ 50) (M = 0.24, [0.19, 0.29], p = 0.012). Consistent with this finding, per-
ceived stress was also significantly higher in the group that underwent the cold-pressor task relative to controls 
(t(43) = 6.84, p < 0.001), confirming that both subjective and neuroendocrine stress measures were selectively ele-
vated in the stress group only on Day 2 (Fig. 2). As reported in past research22, perceived stress ratings after the 
stress/control task (on a scale of 1 to 9) were correlated with increases in cortisol relative to baseline, rs = 0.47, 
p = 0.001. Thus, individuals who reported greater perceived stress showed a more robust neuroendocrine 
response to the stress task.
Stress Effects on Valence Ratings. As expected, angry faces were rated as consistently negative 
(M = 98.93%, [98.22, 99.64]) and happy faces were rated as consistently positive (M = 1.53%, [0.58, 2.98]) across 
participants. To assess valence bias when rating ambiguous faces, we examined the percentage of trials in which 
surprise was rated as negative. A Group (stress, control) x Time (baseline, 10 minutes post-stressor, 50 minutes 
post-stressor) repeated-measures ANOVA revealed that ratings of surprised faces did not differ between or within 
groups across any time points (all ps > 0.250), indicating that valence bias decisions did not change over time as a 
function of acute stress exposure (i.e., group assignment).
Given the notable effects of cortisol on the neural circuitry underlying affective decision-making, we next 
examined whether individual differences in stress reactivity were associated with valence ratings on Day 2. 
Therefore, we examined the relationship between changes in cortisol relative to baseline and ratings of surprised 
faces after the CP/control task. This analysis revealed a significant positive correlation between the stress group’s 
ratings at CP+ 10 and their change in cortisol from Day 2 baseline to CP+ 10, r(20) = 0.50, p = 0.019, such that 
individuals with a greater neuroendocrine response to the stressor rated surprise more negatively post-stressor. 
This correlation was not significant in the control group, r(21) = −0.22, p = 0.322. Further, we confirmed that 
these two correlations were significantly different from each other, z = −2.38, p = 0.017 (Fig. 3). To account for 
extreme scores or outliers, we assessed these correlations using Spearman’s rank-order correlation and found that 
the effect remained for the stress group, rs = 0.47, p = 0.029, and not for the control group, rs = −0.12, p = 0.587. 
The two rank-order correlations were significantly different from each other, z = −1.97, p = 0.049.
We next assessed whether the recovery of cortisol responses was related to valence ratings at this same 
post-stress time point (i.e., CP+ 10). That is, where valence ratings 10 minutes after the stressor related to how 
well individuals’ cortisol levels subsequently recovered to baseline. Here, we found a trend toward a negative 
correlation between how well individuals’ cortisol levels subsequently recovered to baseline (i.e., change from 10 
Figure 2. (a) Cortisol at 10 minutes post-stressor (CP+ 10) was significantly higher for the stress group than 
control group. (b) Perceived stress at ten minutes post-stressor was significantly higher in the group that 
underwent the cold-pressor task relative to controls (p < 0.001). Error bars indicate SE.
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to 50 minutes post-stress) and valence ratings after the stressor, rs = −0.39, p = 0.070. As before, this trend did not 
emerge for the control group, rs = −0.08, p = 0.715. Collectively, these results suggest that individual differences 
in cortisol reactivity and recovery—but not stress exposure per se—relate to negativity ratings in a dissociated 
manner.
Stress Effects on Mouse Trajectories. We calculated an average maximum deviation (MD) for each sub-
ject when rating surprise as negative and when rating surprise as positive. MD quantifies the attraction toward 
the unselected response by measuring the largest perpendicular deviation away from the most direct trajec-
tory to the selected response. A larger MD indicates greater competition of the alternative response. A Group 
(stress, control) × Valence (surprise rated as positive, surprise rated as negative) × Time (baseline, 10 minutes 
post-stressor, 50 minutes post-stressor) repeated-measures ANOVA using MD revealed a main effect of Valence, 
F(1, 85) = 11.27, p = 0.002, partial η2 = 0.20, such that MD of rating surprise as positive was greater than rating it 
as negative (Fig. 4a). This indicates that participants were more drawn toward the negative response when rating 
surprise as positive than they were drawn toward the positive response when rating surprise as negative.
MD was also useful in identifying specific effects of the stress manipulation. Specifically, we examined the 
linear relationships between cortisol change from baseline to post-stressor and MD of surprise rated as negative 
and positive. While MD of surprise rated as positive showed no relationship with cortisol change, r(43) = 0.02, 
p = 0.874, MD of surprise rated as negative at CP+ 10 was negatively related to cortisol change, r(43) = −0.38, 
p = 0.010, such that participants with a greater increase in cortisol showed less attraction toward the positive 
response when rating surprise as negative (i.e., they moved their mouse more directly toward the negative 
response). This finding suggests that post-stressor negativity was more automatic for those with a greater cortisol 
increase (Fig. 4b). This correlation was significant for the stress group, r(20) = −0.43, p = 0.044, but not for the 
control group, r(21) = −0.25, p = 0.259. We also examined the relationship between perceived stress post-task 
and MD of surprise rated as negative and found a negative correlation, r(43) = −0.38, p = 0.011, such that those 
who found the CP task more stressful moved their mouse more directly to the negative response and had less 
competition from the positive response.
Difficulties in Emotion Regulation Scale (DERS). Finally, we tested the linear relationship between 
DERS scores and the proportion of negative ratings for surprised faces post-stressor. Participants’ scores on the 
DERS subscales were related to both the behavioral ratings and changes in cortisol. First, greater difficulties with 
goal-directed behavior was associated with more negative ratings of surprise at CP+ 10, r(41) = 0.35, p = 0.024, 
and with changes in cortisol from baseline to CP+ 10, r(41) = 0.31, p = 0.042. The latter correlation was signifi-
cant for the stress group at trend r(18) = 0.44, p = 0.052, but not for the control group, r(21) = −0.10, p = 0.651, 
with the two correlations being significantly different at trend, z = 1.73, p = 0.084. These findings show that partic-
ipants who had more difficulties engaging in goal-directed behavior provided more negative ratings for surprised 
faces and had higher stress reactivity following the stressor/control manipulation.
Further, more limited access to emotion regulation strategies was also associated with more negative ratings 
of surprise at CP+ 10, r(41) = 0.31, p = 0.044, which was significant in the stress group, r(18) = 0.49, p = 0.029, 
and not the control group, r(21) = 0.15, p = 0.508. Also within the stress group, more limited access to emotion 
regulation strategies showed a (marginally) significant relationship with greater increases in cortisol from base-
line to CP+ 10, r(18) = 0.43, p = 0.056. This was not true for the control group, and the two correlations were 
(marginally) significantly different, z = 1.92, p = 0.055. These findings reveal that stressed participants who could 
not utilize emotion regulation strategies rated surprise more negatively after the manipulation, and experienced 
greater cortisol increases after the stressor.
Discussion
A recent surge of work has identified stress exposure as a prominent factor that shapes affective decision-making 
under uncertainty. Here, we focused on the important, yet unaddressed, question of how stress reactivity alters 
decisions about the valence of ambiguous social cues. Specifically, we causally manipulated stress exposure in half 
of our participants and measured how neuroendocrine responses to stress affect the perception of ambiguous 
Figure 3. There was a significant positive correlation between the stress group’s percent negative ratings of 
surprised faces 10 minutes post-stressor and their changes in cortisol from baseline to 10 minutes post-stressor. 
This correlation was not significant for the control group.
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facial expressions that could signal either positive or negative responses. Our stress manipulation was marked 
by significant increases in both subjective and neuroendocrine stress measures for the stress group only, con-
firming the efficacy of our manipulation. The considerable overlap between the neural circuitry that gives rise 
to valence bias and the large body of work suggesting that stress diminishes regulatory influence on reflexive 
affective processing collectively informed our hypothesis that this elevated stress response may bias individuals to 
view ambiguous faces with a higher degree of negativity. Indeed, we provide evidence that individual differences 
in stress reactivity—indexed by cortisol change relative to baseline—were associated with enhanced negative 
valence perception of ambiguous stimuli. Importantly, this relationship was selective to participants in the stress 
group, suggesting that stress-induced elevations in cortisol were required for this relationship to emerge, rather 
than basal levels alone. Although our stress manipulation did not yield group differences in valence bias, our find-
ings are consistent with stress and decision-making research that shows individual differences in stress reactivity 
may be a useful index to identify vulnerabilities to the effects of stress on decision-making under uncertainty28.
These individual differences extended to an association between negativity ratings and the recovery of cortisol 
responses, albeit in the opposite direction. That is, steeper drops in cortisol during the stress recovery period 
were related to higher negativity ratings. Although we might have expected poorer cortisol recovery to be related 
to negative valence bias, clinical research has suggested that anxiety and trauma-related disorders can lead to 
blunted cortisol responses or oversensitive feedback responses (i.e., cortisol responses returning to baseline too 
quickly)30. It is therefore possible that rapid cortisol recovery seen in those with higher negativity valence bias 
suggests a latent vulnerability for anxiety or higher initial stress reactivity. However, it is equally plausible that 
participants with higher cortisol increase—and thus the stronger negativity bias—simply had more opportunity 
for cortisol to decline.
Using mouse-tracking technology, we were able to uniquely identify features of this decision process by con-
tinuously measuring how response trajectories evolved in real-time. In line with growing evidence that surprised 
faces are initially predisposed toward negative appraisals8–11, we found that those participants who arrived at a 
final decision of positivity showed response trajectories that indicated greater attraction toward the competing 
(negative) valence option than when arriving at a final decision of negativity. In other words, there was a much 
weaker attraction toward positive ratings for participants that ultimately assigned a negative valence to surprised 
faces. Additionally, higher cortisol reactivity as well as greater subjectively perceived stress from the CP task were 
associated with more direct trajectories to negative valence responses, suggesting that higher stress reactivity fur-
ther facilitated decisions toward negative responses and possibly enhanced this initial negativity bias. Importantly, 
we did not see this relationship emerge between cortisol and surprised faces ultimately rated as positive, suggest-
ing that rather than simply reducing noise in the decision process, stress appears to selectively facilitate arriving 
at a negative valence decision for ambiguous facial stimuli.
These data align with a growing body of work that shows that acute stress exposure diminishes regulatory influ-
ence on negative affective stimuli, including emotional faces31, negative images32,33, and other aversive stimuli18,34. 
Although our task did not explicitly instruct participants to adopt a regulatory strategy, ample research suggests 
that the initial negativity bias highlighted in past work may give rise to positive valence judgments with longer 
reaction times11, prefrontal involvement5, and individuals with greater neural development (i.e., adolescents 
vs. children)35. Therefore, one interpretation of our findings is that greater stress reactivity may diminish this 
regulatory influence or impair the subsequent higher-order processing needed to eventually arrive at subjec-
tive ratings of positivity. This notion is further supported by our self-report data, which revealed that higher 
Figure 4. (a) Mouse trajectories indicate that participants were more drawn to “negative” when rating surprise 
as positive than they were drawn to “positive” when rating surprise as negative, confirming prior research 
suggesting that people have an overall bias towards negativity. Error bars indicate SE. (b) Trajectories for 
surprise rated as positive and surprise rated as negative, averaged across all participants and time points. (c) 
Cortisol change from baseline to post-stressor showed a significant negative relationship with MD of surprise 
rated as negative following stressor/control. This correlation was significant only in the stress group. The 
mouse trajectory of those who had greater cortisol increases was more directly negative. The facial expression 
depicted here is part of the NimStim standardized facial expression stimulus set23 and is used with permission. 
Development of this stimulus set was overseen by Nim Tottenham and supported by the John D. and Catherine 
T. MacArthur Foundation Research Network on Early Experience and Brain Development. Please contact Nim 
Tottenham at tott0006@tc.umn.edu for more information concerning the stimulus set.
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stress reactivity and negativity ratings were both related to greater difficulties using goal-directed behavior and 
emotion-regulation. Collectively, our data point to heightened stress reactivity as conferring a propensity to selec-
tively perceive ambiguous cues as negative. This is especially important given that subtle shifts in valence bias 
when evaluating ambiguous affective stimuli can shape subsequent emotional and behavioral responses.
This interpretation is consistent with what we know about the brain regions underlying negative valence bias 
and acute stress responses, namely the amygdala, which plays a central role in both processes2,5. The high receptor 
density for glucocorticoids in the amygdala makes it especially sensitive to cortisol release after stress expo-
sure, thus this region is ideally positioned to bias appraisals of ambiguous stimuli toward a negative or threat-
ening valence20. Additionally, emerging work suggests that early noradrenergic responses—shown previously to 
enhance amygdala response to fear faces36—can work synergistically with these slower-released glucocorticoid 
responses to further enhance amygdala activity even after a stressor has terminated19,37. Thus, we speculate that 
this enhanced amygdala activity, paired with a more global shift in neural processing toward threat detection21 
and disrupted functioning of prefrontal circuits known to contribute to positive appraisals of these ambiguous 
social cues5, may likely contribute to the behavioral results seen here.
Finally, our results are consistent with research that suggests higher trait anxiety or traumatic exposure to 
stress conveys greater sensitivity to threat perception in uncertain contexts38. Relatedly, other work has shown 
that individuals with higher trait anxiety have a greater tendency to rate ambiguous expressions as fearful39, a 
finding that has also been found to alter representation of the amygdala as a function of anxiety40. More recently, a 
study assessing the effects of threat-of-shock on valence bias found that increased arousal motivated a shift toward 
more negative ratings for ambiguous facial expressions41. Here, we extend this research to healthy individuals and 
identify a causal role for acute stress responses in modulating these decision biases. Future research characterizing 
how acute stress and its concomitant neuroendocrine response alters the brain circuits during such affective deci-
sions will enable researchers to test whether these effects are, in fact, driven by regionally-specific stress effects on 
amygdala-vmPFC circuitry. We also note that, unlike many economic decision-making tasks, our current design 
tested affective decisions without any decision outcomes, preventing feedback processing or learning mechanisms 
from playing a role in the valence bias seen here under stress. Therefore, our findings provide a first step to acquir-
ing a more comprehensive understanding of how stress reactivity, such as that experienced in daily life, may drive 
affective appraisals and decisions that further shape important forms of behavior.
References
 1. American Psychological Association. Stress in America: paying with our health. https://www.apa.org/news/press/releases/
stress/2014/stress-report.pdf (2015).
 2. Ulrich-Lai, Y. M. & Herman, J. P. Neural regulation of endocrine and autonomic stress responses. Nat Rev Neurosci 10, 397–409 
(2009).
 3. De Berker, A. O. et al. Computations of uncertainty mediate acute stress responses in humans. Nat Commun 7, 10996 (2016).
 4. Dickerson, S. S. & Kemeny, M. E. Acute stressors and cortisol responses: a theoretical integration and synthesis of laboratory 
research. Psychol Bull 130, 355–91 (2004).
 5. Kim, H., Somerville, L. H., Johnstone, T., Alexander, A. L. & Whalen, P. J. Inverse amygdala and medial prefrontal cortex responses 
to surprised faces. Neuroreport 14, 2317–22 (2003).
 6. Kim, H. et al. Contextual modulation of amygdala responsivity to surprised faces. J Cogn Neurosci 16, 1730–45 (2004).
 7. Neta, M., Kelley, W. M. & Whalen, P. J. Neural responses to ambiguity involve domain-general and domain-specific emotion 
processing systems. J Cogn Neurosci 25, 547–57 (2013).
 8. Neta, M., Norris, C. J. & Whalen, P. J. Corrugator muscle responses are associated with individual differences in positivity-negativity 
bias. Emotion 9, 640–8 (2009).
 9. Neta, M., Davis, F. C. & Whalen, P. J. Valence resolution of ambiguous facial expressions using an emotional oddball task. Emotion 
11, 1425–33 (2011).
 10. Neta, M. & Whalen, P. J. The primacy of negative interpretations when resolving the valence of ambiguous facial expressions. Psychol 
Sci 21, 901–7 (2010).
 11. Neta, M. & Tong, T. T. Don’t like what you see? Give it time: longer reaction times associated with increased positive affect. Emotion 
16, 730–9 (2016).
 12. Park, G., Vasey, M. W., Kim, G., Hu, D. D. & Thayer, J. F. Trait anxiety is associated with negative interpretations when resolving 
valence ambiguity of surprised faces. Front Psychol 7, 1164 (2016).
 13. Ito, T. et al. Neural basis of negativity bias in the perception of ambiguous facial expression. Sci Rep 7, 420 (2017).
 14. Schoofs, D., Wolf, O. T. & Smeets, T. Cold pressor stress impairs performance on working memory tasks requiring executive 
functions in healthy young men. Behav Neurosci 123, 1066–75 (2009).
 15. Plessow, F., Kiesel, A. & Kirschbaum, C. The stressed prefrontal cortex and goal-directed behaviour: acute psychosocial stress 
impairs the flexible implementation of task goals. Exp Brain Res 216, 397–408 (2012).
 16. Schwabe, L. & Wolf, O. T. Stress-induced modulation of instrumental behavior: from goal-directed to habitual control of action. 
Behav Brain Res 219, 321–8 (2011).
 17. Mennin, D. S., Heimberg, R. G., Turk, C. L. & Fresco, D. M. Preliminary evidence for an emotion dysregulation model of generalized 
anxiety disorder. Behav Res Ther 43, 1281–310 (2005).
 18. Raio, C. M. & Phelps, E. A. The influence of acute stress on the regulation of conditioned fear. Neurobiol Stress 1, 134–46 (2015).
 19. Arnsten, A. F. Stress weakens prefrontal networks: molecular insults to higher cognition. Nat Neurosci 18, 1376–85 (2015).
 20. Rodrigues, S. M., LeDoux, J. E. & Sapolsky, R. M. The influence of stress hormones on fear circuitry. Annu Rev Neurosci 32, 289–313 
(2009).
 21. Hermans, E. J., Henckens, M. J., Joëls, M. & Fernández, G. Dynamic adaptation of large-scale brain networks in response to acute 
stressors. Trends Neurosci 37, 304–14 (2014).
 22. Raio, C. M., Orederu, T. A., Palazzolo, L., Shurick, A. A. & Phelps, E. A. Cognitive emotion regulation fails the stress test. Proc Natl 
Acad Sci USA 110, 15139–44 (2013).
 23. Tottenham, N. et al. The NimStim set of facial expressions: judgments from untrained research participants. Psychiatry Res 168, 
242–9 (2009).
 24. Lundqvist, D., Flykt, A. & Öhman, A. The Karolinska directed emotional faces (KDEF). CD ROM from Department of Clinical 
Neuroscience, Psychology section, Karolinska Institutet (1998).
 25. Freeman, J. B. & Ambady, N. Mousetracker: software for studying real-time mental processing using a computer mouse-tracking 
method. Behav Res Methods 42, 226–41 (2010).
www.nature.com/scientificreports/
8SCientifiC REPORtS | 7: 15107  | DOI:10.1038/s41598-017-14846-3
 26. Velasco, M., Gómez, J., Blanco, M. & Rodriguez, I. The cold pressor test: pharmacological and therapeutic aspects. Am J Ther 4, 34–8 
(1997).
 27. Otto, A. R., Raio, C. M., Chiang, A., Phelps, E. A. & Daw, N. D. Working-memory capacity protects model-based learning from 
stress. Proc Natl Acad Sci USA 110, 20941–20946 (2013).
 28. Starcke, K. & Brand, M. Effects of stress on decisions under uncertainty: a meta-analysis. Psychol Bull 142, 909–33 (2016).
 29. Gratz, K. L. & Roemer, L. Multidimensional assessment of emotion regulation and dysregulation: development, factor structure, and 
initial validation of the difficulties in emotion regulation scale. J Psychopathol Behav Assess 26, 41–54 (2004).
 30. Bowers, M.E. & Yehuda, R. Neuroendocrinology of Posttraumatic Stress Disorder: Focus on the HPA Axis in Stress: 
Neuroendocrinology and Neurobiology: Handbook of Stress Series 2, (ed. Fink, G.) 165 (Elsevier, 2017).
 31. van Marle, H. J., Hermans, E. J., Qin, S. & Fernández, G. From specificity to sensitivity: how acute stress affects amygdala processing 
of biologically salient stimuli. Biol Psychiatry 66, 649–55 (2009).
 32. Bradley, M. M. & Lang, P. J. Fearfulness and affective evaluations of pictures. Motiv Emot 23, 1–13 (1999).
 33. Smith, J. C., Bradley, M. M. & Lang, P. J. State anxiety and affective physiology: effects of sustained exposure to affective pictures. Biol 
Psychol 69, 247–60 (2005).
 34. Grillon, C., Duncko, R., Covington, M. F., Kopperman, L. & Kling, M. A. Acute stress potentiates anxiety in humans. Biol Psychiatry 
62, 1183–6 (2007).
 35. Tottenham, N., Phuong, J., Flannery, J., Gabard-Durnam, L. & Goff, B. A negativity bias for ambiguous facial-expression valence 
during childhood: converging evidence from behavior and facial corrugator muscle responses. Emotion 13, 92–103 (2013).
 36. Onur, O. A. et al. Noradrenergic enhancement of amygdala responses to fear. Soc Cogn Affect Neurosci 4, 119–26 (2009).
 37. Krugers, H. J., Karst, H. & Joels, M. Interactions between noradrenaline and corticosteroids in the brain: from electrical activity to 
cognitive performance. Front Cell Neurosci 6, 15 (2012).
 38. Grupe, D. W. & Nitschke, J. B. Uncertainty and anticipation in anxiety: an integrated neurobiological and psychological perspective. 
Nat Rev Neurosci 14, 488–501 (2013).
 39. Richards, A. et al. Anxiety-related bias in the classification of emotionally ambiguous facial expressions. Emotion 2, 273–87 (2002).
 40. Bishop, S. J., Aguirre, G. K., Nunez-Elizalde, A. O. & Toker, D. Seeing the world through non rose-colored glasses: anxiety and the 
amygdala response to blended expressions. Front Hum Neurosci 9, 152 (2015).
 41. Neta, M., Cantelon, J., Mahoney, C. R., Taylor, H. A. & Davis, F. C. The impact of uncertain threat on affective bias: individual 
differences in response to ambiguity. Emotion (in press).
Acknowledgements
We thank Dr. Jessica Calvi for completing the cortisol assays. The project described was made possible in part by 
Nebraska Tobacco Settlement Biomedical Research Enhancement Funds.
Author Contributions
C.R. and M.N. developed the study concept. All authors contributed to the study design. C.B. performed the data 
collection and analysis under the interpretation and supervision of C.R. and M.N. The manuscript was drafted 
by C.R. and C.B., and M.N. made critical revisions. All authors approved the final version of the manuscript for 
submission.
Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
